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Improvement of temperature homogeneity of a silicon wafer heated in a rapid thermal system (RTP: Rapid Thermal Process) by a filtering window 
h i g h l i g h t s
Heat transfer in a rapid thermal system (RTP: Rapid Thermal Process). Modelling with Monte Carlo method of the radiative heat transfer. Explanation of the silicon wafer temperature distribution. Temperature uniformity acquired by a filter on the underside of the quartz window.
Introduction
Rapid thermal processes (RTP) have been widely used in the manufacturing of microelectronic components. They are performed in different key stages such as annealing (ion implantation, dopant activation), oxidation or silicidation [1e3] . In the 1980s, the use of conventional furnaces started becoming a hindrance to the miniaturization of components due to their excessive inertia. Hence rapid thermal processes for which heating is provided by tungsten halogen infrared lamps and where the reactor wall is reflective and maintained at low temperature emerged to ensure precise heat treatments in the range of seconds or minutes [4, 5] . The stringent requirement of less than 1 C variation across the wafer (silicon substrate) enables to guarantee quality and long-term stability of the devices [6] . Many efforts have been attempted for the last 25 years to reach this requirement (Table 1) [7e14], but the Abbreviations: CFD, computational fluid dynamics; DARTS, direct approach using ray tracing simulation; DTM, discrete transfer method; RTA, rapid thermal annealing; RTCVD, rapid thermal chemical vapour deposition; RTO, rapid thermal oxidation; RTP, rapid thermal process; SISO, single input single output; TCO, transparent conducting oxide.achievement of a uniform temperature at the surface of wafer still remains a challenge. The task becomes more and more difficult with the very tight thermal budgets of short processes like spike annealing and the increase of wafer diameters to fulfil the growing market demands [15] .
Uniform temperature at the wafer surface is hard to obtain due to harsh power tuning of halogen infrared lamps, to the presence of edge effects for the wafer and to thermal gradients generated by the cold reactor wall [16, 17] . Other effects are the convection in the reactor and not sufficiently high reflectivity of the reactor wall. An important constraint is the elevation of the temperature of the quartz window which acts on the distribution of the wafer temperature [18, 19] . Moreover, contamination, aging, stability and placement of the wafer can also have an impact on the wafer temperature uniformity.
Various solutions have been deeply studied to obtain uniform wafer temperature as listed in Table 1 , but they don't enable to achieve perfect temperature homogeneity and they usually remain very stringent [20] . Heating by several groups of lamps controlled separately allows getting uniform temperature at the surface of the wafer [9, 10, 21, 22] . However, the mastering of the piloting requires a very thorough preliminary optimization and aging of the lamps is accelerated for the ones supplied with higher power. Rotating the wafer allows to homogenize the temperature circularly but the temperature difference between the centre and the edge of the wafer stays unchanged [9, 23, 24] . Using a susceptor enables to get a better temperature homogeneity [25] , nevertheless the addition of a susceptor has the drawback of reducing the rapidity of the heating because thermal inertia becomes more important. The use of a guard ring placed around the silicon substrate permits to reduce edge effects [26] . It has several inconveniences like difficult handling of the wafers during loading, augmentation of the reactor size and deposition on the ring which enhance the risk of contamination of the wafers. A diminution of the wafer temperature differences is also obtained by increasing the reflectivity of the wall of the reactor to direct the radiations towards the wafer edge [6, 27] .
Numerical modelling has proved to be a precious aid to identify, depict and quantify the heat and mass transfers in processes. It permits to diminish the number of experimental trials and to investigate on the sensitivity of parameters. Radiative heating of the silicon wafer has been numerically modelled by different methods with the aim of better understanding and uniforming the wafer temperature in RTP systems. Solutions of the energy balance equation for the wafer have been determined in numerous studies by calculating view factors between the lamp array divided in heating zones and wafer slices. The solutions are either used to optimize the design of the reactor chamber [28e30] or to predict the lamp power to supply in order to control the transient evolution of the wafer temperature [12, 13, 31] . To simulate the solution of the radiative heat transfer from the tungsten filament halogen lamps to the silicon wafer, ray tracing methods have been implemented. A direct approach model using the three-dimensional ray-tracing simulation (DARTS) was developed by Habuka et al. [32] . The paths of the infrared rays emitted from the lamps are traced following reflections at the surface of the specular reflectors until they reach the silicon wafer. The absorbed ray intensities calculated for the silicon wafer have been related to measured temperatures of the silicon wafer with the StefaneBoltzmann law and heat losses caused by the reflective wall have been quantified. Discrete transfer methods (DTM) which consist in discretizing the solid angle into ray directions allow to take into account spectral, specular or diffuse properties of surfaces to display a solution to the radiation transport equation [33, 34] . Ray tracing with Monte Carlo statistical method enables to take into consideration most of the radiation phenomena by describing the radiative heat exchange by means of a matrix whose coefficients depend on the disposition of one surface to the other and on the spectral and temperature radiative properties, namely the emission and the reflection ones (partially or totally specular or diffuse). The main advantages regarding other approaches is the faithful restitution of diffuse character of surfaces and also the following of elevated number of representative rays [35e37] . The radiative heat transfer resolution must be coupled with the conductive and convective heat transfer solving. The finite volume method is well suited for this coupling as it is robust to solve conservation relations. The partial differential equations are indeed integrated on each control volume and the integral of the divergence term is converted to a surface integral. Fluxes are then evaluated at the interfaces between adjacent finite volumes. As the flux entering a given volume is equal to the outward one, the conservation is excellently accounted for.
In the present study, the heating of the silicon wafer by tungsten filament halogen infrared lamps is investigated by utilizing a Computational Fluid Dynamics (CFD) approach. In a previous study, a rapid thermal equipment had been modelled and validated [38] . The first numerical simulations enabled to show that the presence of the quartz window and its low diffusivity largely conditions the shape of the temperature profile of the silicon wafer [19, 39, 40] . Hereafter, numerical simulations are carried out using the validated model to better understand the radiative heat exchanges between the heated wafer and the quartz window. For this purpose, the radiative properties of the wafer are modified and simulations of its heating are performed for each modification. The shape of the temperature distributions of the silicon wafer and the one of the quartz window are explained with an analysis of the radiative properties of participating surfaces. The analysis is extended to offer solutions to acquire wafer temperature uniformity. The effectiveness of the proposed solutions is discussed based on numerical simulations integrating the modifications. Lastly, the feasibility is shown with technical considerations from literature.
Modelling

Rapid thermal system
The modelled rapid thermal system is the one of an equipment type AS-150 marketed by the company AnnealSys (Montpellier, France). It enables to perform annealing, oxidation, diffusion, silicidation and nitridation [41] . The two-dimensional model with the computational domain is shown in Fig. 1 . The furnace contains a bench of eighteen tungsten filament halogen infrared infrared lamps. The reactor is of cylindrical shape and its wall is kept cooled at 300 K by a water flow. A silicon wafer of 150 mm diameter (6 inches) and 500 mm thickness is placed in the reactor on three quartz pins. A quartz window seals the reactor and lets the infrared radiations from the tungsten halogen lamps around 1 mm wavelength pass through in order to heat the silicon wafer. A gas pumping system is used to maintain the gas in the reactor at reduced pressure. A panel permits to control the injection and the exhaust of gases. In our case, the silicon wafer is placed in a nitrogen atmosphere at a pressure of 300 Pa.
Equations
The conservation equations that govern heat and mass transfers are solved with the finite volume method [42] . The conservation equations are integrated over each control volume of the domain. The grid is regular as depicted in Fig. 1 . The grid configuration includes a sufficient number of balanced square shape control volumes, which is well suited for the finite volume resolution. 94% of the 4598 control volumes are of square shape with a side of 2.5 mm to limit both the errors of discretization and the ones of rounding of the digital resolution. This size also enables to have acceptable computational times. Besides, the injection part and the wafer are slim and adapted control volumes permit to ensure precise velocity and temperature distributions.
The mass conservation equation and the momentum conservation equation in the steady-state for cylindrical coordinates are respectively given by expressions (1) and (2):
The heat transfer is calculated by solving the energy conservation equation (3) in steady-state:
in which E is the total specific energy defined by the following expression (4):
Radiative heat exchanges are simulated using the Monte Carlo method whose principle is to follow the fate of packets of photons emitted by the various internal surfaces [43] . The rays emitted by a surface are traced until they are absorbed by the same surface or another one. Surfaces are discretized in "patches". The radiative heat flux for a patch i is the result of incident radiation from all other patches j and from its own emission:
The found solution is reported in the source term S e of the energy transfer equation (3) in order to combine radiative, convective and conductive heat transfers to determine the temperature distribution on the overall domain.
A packet of photons emitted from a patch i is either reflected or transmitted by the different encountered bodies before being absorbed. Each of these events depends on the wavelength of the beam, its direction of propagation, the orientation of the surfaces and their temperatures. The radiative properties can be defined by knowing the complex refractive indices of the materials:
For many materials, the complex index of refraction depends on the temperature T and can be expressed in a polynomial form:
where n 0 , n 1 , n 2 , n 3 , k 0 , k 1 , k 2 and k 3 are the coefficients of monomials and q ¼ T À 300 ð Þ =1000 is the reduced temperature. Absorptivity, emissivity, reflectivity and transmissivity are calculated for the surfaces of semi-transparent parallel solids (silicon substrate, quartz window, quartz bulb of infrared lamps) and for opaque surfaces (reactor wall, tungsten filament, injection and exhaust of gases). In the case of semi-transparent solids, the absorption is assumed constant in the whole bulk. The spectral transmissivity t l between two points x and y depends on the distance traversed through the material but not on the direction:
The spectral reflectivity r l is calculated with the Fresnel formulae:
in which q 1 is the incidence angle and q 2 is the refraction angle.
When a refracted incident ray passes from a dielectric medium having a refractive index n l to another one with refractive index n 0 l , both the angles are related by the Snell law:
Knowing t l and r l , the absorptivity a l is deduced:
The total hemispherical absorptivity a q,l is equal to the total hemispherical emissivity ε q,l (Kirchhoff's law), so for a wavelength l and for an angle q at equilibrium:
In the case of opaque surfaces, especially metal surfaces, the reflectivity is deduced from the Fresnel relations:
Since the transmissivity t l ¼ 0, the absorptivity and the total hemispherical emissivity are equal to:
A beam contains billions of photons, therefore the calculations have to be restricted to a limited number of photons which have to be representative with perfectly randomized trajectories in the case of diffuse properties. Bundles of photons are then considered with attributed emission point, direction and wavelength. These characteristics are determined by using the spectral distribution of the emissive power. To determine for example the wavelength, the distribution of the emissive power is divided into N energy packets, each one of them defined for a wavelength domain between 0 and l. The probability that a photon bundle has a wavelength between 0 and l is given by the cumulative distribution function:
The cumulative distribution function R l varies between 0 and 1. This way, randomly generating R l is possible and representative. By inverting equation (15), for a value R l0 (l,), a wavelength l 0 is obtained. By performing random draws for numerous values of R l (l), drawn numbers between 0 and 1, a set of representative wavelengths is obtained by the inverse function R À1 l . The other characteristics of the photon bundle are generated by inverting the associated cumulative distribution function. First, the coordinates of the emission points are determined, then the wavelength and the emission direction. Thus, the random character of the diffuse emission or reflection can be modelled. Once a packet of photons reaches a point of a surface, it is either absorbed, reflected or transmitted. The ray tracing and the intersection points with a surface are determined using the scalar product of a normal vector to the surface with a vector having the direction of the photon [44] .
Properties
The solving of equations (1)e(3) requires the volume properties (density, specific heat capacity and thermal conductivity) of the tungsten filament, the quartz of the lamp bulb and of the window, the air in the furnace and the nitrogen in the reactor. These properties with their temperature dependence are all defined in Ref. [38] . For the silicon wafer, the density is of 2329 kg m À3 . The specific heat capacity and the thermal conductivity of silicon are provided according to temperature in Fig. 2 [45, 46] . The initial temperature of the system is of 300 K. The boundary conditions with the radiative properties of each surface to calculate relation (5) are indicated in Table 2 .
Numerical simulations
Numerical simulations of the rapid thermal system are performed using CFD'Ace software [47, 48] . The properties of each surface in Table 2 are listed in a "patch" file in which all the coefficients of the monomials of equation (7) are stored according to wavelength (one hundred values between 0.1 mm and 100 mm). One file is assigned to the solver for each boundary condition. The emission of 5 million rays is interesting to have a sufficient number of photons for each patch. There cannot be more patches than adjacent cells to a surface and a compromise must be found between the patch size and a sufficient number of traced rays reaching the patch in order to determine accurately the radiative fluxes. The number of patches has been optimized for the wafer surface (30 patches) to dispose of accurate temperature distributions.
Ray tracing is performed to simulate the radiative heat exchange given by equation (5) . The balance of radiative fluxes is determined for all the control volumes until the global equilibrium of heat fluxes is reached, in other words, when the residue is reduced by four orders of magnitude of the initial value or more. It is necessary to restart a release of 5 million rays every 400 iterations to have enough traced rays in the numerical solving of conservation equations. Resolution takes 15 min (about 1200 iterations) for a simulation in the steady-state case performed with a calculating unit of 1 GB RAM which is adequate for ray tracing of the Monte Carlo method and integration of each conservation equation on each control volume. Concordance with experimental results and 3D model was shown in Ref. [38] .
We deliberately consider the case where the lamp heating is not optimized in steady-state in order to dispose of the biggest spatial temperature variations for the wafer and therefore grasp the sensitivity of the modified parameter. The calculations are performed for different lamp heating powers (10e30%) in the steadystate. As the aim is to better understand the radiative heat exchange between the silicon substrate and the quartz window, numerical simulations are first carried out by changing the radiative property of the substrate. The four treated cases are shown in Table 3 which indicates the magnitudes of the emissivity, the absorptivity and the reflectivity.
Temperature profiles
Analysis
The temperatures at the centre of the quartz window and at the centre of the substrate were taken according to the lamp heating power (Fig. 3) . The substrate and the window are the hottest in the case where the substrate has the property of a blackbody. The temperatures of the substrate and of the quartz window depend on the absorptivity and on the emissivity of the substrate. The more they are important, the higher the temperatures get [17] . Thus, the quartz window is heated by the radiations emitted by the substrate. When the substrate has the property of a perfect reflector, its temperature is of about 520 K. As the substrate reflects on the entire spectral range, we were expecting to obtain a temperature close to 300 K. The substrate is indeed heated by convection because there is hot nitrogen in the reactor. The temperature of the quartz window is higher than in the case of silicon when the reflectivity of the substrate is of 100% for all the wavelengths. When considering the absence of substrate, the radiations reflected by the reactor wall towards the quartz window are absorbed by the latter which results in its temperature raise. Nevertheless, the increase in temperature is less important than in the case of a perfectly reflective substrate because the reactor wall absorbs one part of the radiations (absorptivity of 0.25).
Explanation
The radiative properties of surfaces according to wavelength are analyzed with more details to explain the effect of the substrate emissivity and reflectivity on the temperature of the quartz window, and the one of the reactor wall. Fig. 4 shows these properties at normal incidence [49] , the values remaining almost similar for oblique incidences.
The case for which the substrate has the radiative properties of the blackbody and the one for which it has the ones of silicon are Table 3 Magnitude of radiative properties of the substrate. first confronted. When the substrate has the property of a blackbody, it absorbs all the radiations emitted by the tungsten halogen lamps that it receives. Hence it becomes hotter than in the case of the silicon substrate for which the absorptivity is of 0.7. The hot blackbody substrate emits over the entire spectral range, emissivity of 1 against 0.7 for silicon. The quartz window absorbs strongly for wavelengths beyond 2.6 mm. It is therefore heated by the radiations emitted by the substrate with wavelengths beyond 2.6 mm. The temperature of the quartz window is higher in the case of the substrate having the characteristics of a blackbody because of its more important emission. The temperature of the quartz window depends on the emissivity of the substrate. The case without substrate and the one where the substrate is perfectly reflective are compared hereafter. The quartz window absorbs with a small percentage, about 5%, the radiations centred at around 1 mm wavelength emitted by the tungsten halogen lamps. It absorbs in the same proportion the reflected radiations by the reactor wall. As the calculations were carried out for the steadystate case, for an infinite assumed time, the quartz window had sufficient time to absorb radiations to reach a high stabilized temperature. The temperature of the quartz window is higher when the substrate is perfectly reflective because the latter returns more radiations than in the case where there is no substrate. The reactor wall has a smaller reflectivity (0.75). The rest of the radiations are absorbed (absorptivity of 0.25), but the emitted flux is low because the temperature is of 300 K. The silicon substrate reflects 30% of the radiations it receives from the tungsten halogen lamps and the quartz window absorbs with a nether coefficient of 5% but for a sufficient time to elevate its temperature. Definitely, the radiations centred at around 1 mm wavelength provided by the tungsten halogen lamps which are reflected by the substrate heat the quartz window as well.
Heat transfer scheme
Using the previous conclusions, the shape of the temperature distribution for the silicon wafer and the quartz window in steadystate can be explained with a four-phase scheme (Fig. 5) . The temperature profiles in the scheme are represented in a relative way: (16) The r coordinate corresponds to the radial position at the surface of the wafer and at mid height of the quartz window. The reference r ¼ 0 is taken at the centre of the wafer and at the one of the quartz window. The orientation is indicated in Fig. 1 . The index "s" for substrate is preferred to "w" for wafer not to mix up with the notation "qw" of the quartz window.
-Phase 1 The tungsten halogen lamps emit a radiative heat flux centred at around 1 mm wavelength which is 95% transmitted through the quartz window.
-Phase 2 The radiative heat flux is 70% absorbed and 30% reflected by the silicon wafer. The latter emits on the whole infrared domain (emissivity of 0.7). The emitted flux is directed towards the quartz window and the wall of the reactor at 300 K. The net heat flux exchanged between the edge of the hot wafer and the wall at 300 K is important. The wafer temperature is lower at its edge than at its centre because of the incident radiative heat flux distribution provided by the bank of lamps, the convective losses and the conductive heat flux from the centre to the edge of the wafer. Indeed, there are convection cells in the reactor where nitrogen gas flows due to temperature differences between the edge of the wafer, the hot quartz window, the cooled reactor wall, the injection and the exhaust [39] . As the wafer temperature is lower at its edge, the flux emitted by the wafer is greater at its centre. One part of the emitted radiations by the edge of the wafer is reflected or absorbed by the reactor wall and one part is reflected in direction of the underside of the quartz window namely, in the area close to the reactor wall.
-Phase 3 The quartz window absorbs 80% of the radiations emitted by the silicon wafer having wavelengths beyond 2.6 mm and reflects the rest. Since the received flux at the centre of the quartz window is more important than at its edge, the temperature window becomes even higher at its centre. The centre-to-edge temperature difference of the quartz window is enhanced by the conductive heat flux towards its outer edge.
-Phase 4
The radiations absorbed by the quartz window are re-emitted towards the wafer and the reactor wall (emissivity of 0.8). As the temperature of the quartz window is higher at its centre, the flux emitted by the quartz window towards the centre of the wafer is greater than the one at its edge. Thus, the temperature difference between the centre and the edge of the wafer is even further increased. The hot quartz window also emits towards the reactor wall. Some rays are hence reflected in direction of the wafer edge but the heat flux is not sufficient to balance the losses at the wafer edge. Fig. 5 . Explanation of the shape of temperature profiles of the silicon substrate and of the quartz window in steady-state.
Solution schemes
To achieve a uniform surface temperature at the surface of the wafer, unbalanced heat fluxes have to be compensated. Reasoning on the heat transfer scheme, two propositions are formulated hereafter.
Scheme 1
To prevent overheating of the quartz window, it would be interesting to block the absorption on the underside of the quartz window for radiations with wavelengths beyond 2.6 mm emitted by the silicon wafer and to let radiations emitted by the tungsten halogen lamps centred at around 1 mm wavelength, be transmitted.
A way must be found to reflect on the underside of the quartz window the radiations emitted by the silicon wafer with wavelengths beyond 2.6 mm (Fig. 6a) . The temperature gradients of the quartz window would hence be reduced, which should give a more homogeneous wafer temperature.
Scheme 2
It has been shown in phase 2 that the area of the quartz window close to the reactor wall receives an important part of the radiations emitted by the edge of the wafer, either directly or by a reflection on the reactor wall. Radiations having wavelengths beyond 2.6 mm incident on the quartz window are absorbed by 80%. The quartz window emission is limited in this area because the temperature is relatively low due to both the proximity of the cooled reactor wall (Fig. 6b) . Two paths are possible for the reflected rays (Fig. 7): ▪ emission of the wafer, reflection at the surface of the window close to the reactor wall and reflection on the reactor wall and way back to the edge of the wafer (path 1) ▪ emission of the wafer, reflection on the reactor wall and reflection at the surface of the window close to the reactor wall and way back to the edge of the wafer (path 2).
A priori, the reflected flux arriving at the edge of the wafer should be sufficient to offset the losses. By reasoning on the magnitude of radiative heat fluxes (see diagrams of Fig. 8 ), both propositions seem worth exploiting. Radiations from the lamps with wavelengths below 2.6 mm are transmitted by the quartz window (95% of transmission) and are incident on the wafer.
For the first proposition (Fig. 8a) , in the wavelength domain beyond 2.6 mm, the flux emitted and reflected by the wafer at its centre is in the same magnitude as the flux reflected at the centre of the window. In the same manner, the flux emitted and reflected by the wafer at its edge is in the same magnitude as the flux reflected in the part of the window closer to the reactor wall. However, the emitted and reflected flux by the wafer at the edge is inferior to the one at its centre. Hence, the flux reflected by the quartz window surface closer to the reactor wall is inferior to the one reflected by the central surface of the quartz window. Therefore, the radiative flux received by the wafer should be more homogeneous as the window temperature will be reduced namely in its centre. For the second proposition (Fig. 8b) , in the wavelength domain beyond 2.6 mm, the emitted and reflected radiations by the wafer at its centre are absorbed by the quartz window in its central area and one part is re-emitted towards the wafer. The flux emitted by the wafer at its edge is reflected by the surface of the window close to the reactor wall. The flux reflected by the window close to the reactor wall in direction of the edge of the wafer is expected to be in the same order of the one emitted by the quartz window in its central part, or even superior, to have a balance in the radiative fluxes for the wafer.
Implementation
The wanted radiative property for the lower surface of the quartz window is given in Fig. 9 . The reflectivity and the transmissivity are provided according to wavelength. The emitted and reflected radiations having wavelengths beyond 2.6 mm by the wafer will be reflected and the ones emitted by the tungsten halogen lamps, centred at around 1 mm wavelength will be transmitted. The filter will be applied on the lower underside surface of the quartz window (Fig. 10a) and on the underside area of the quartz window close to the reactor wall which corresponds to a ring (Fig. 10b) .
Simulation results
The wanted radiative property (filter) is entered for the lower surface property of the window in the two-dimensional model of the AS-One 150. Calculations are performed for the steady-state case for the same lamp wattages (10e30%).
Filter on the underside of the quartz window (solution 1)
The temperatures obtained at the centre of the window and at the centre of the wafer are compared with and without the filter on the underside surface of the quartz window (Fig. 11) .
The temperature of the window is reduced by the presence of the filter. However, the difference is in the order of 10%. This small difference is due to the fact that the quartz window does not transmit all the incident radiations from the lamps (transmissivity of 95% for radiations centred at around 1 mm wavelength). As the calculations are realized for the steady-state case, for an infinite assumed time, the quartz window had had enough time to store heat, even though the window reflects radiations having wavelengths beyond 2.6 mm on its underside.
The filter enhances a decrease of the temperature of the window, but the temperature of the wafer becomes more elevated. The increase of the wafer temperature is very significant for powers above 15% because the radiations having wavelengths beyond 2.6 mm emitted and reflected by the wafer, which are reflected by the filter, are more important. The lamp power e wafer temperature correspondence is hence different from the one with a blank quartz window [38] . To appreciate the effect of the filter on the wafer temperature homogeneity, it is therefore more interesting to represent the temperature difference between its centre and its edge according to the temperature at its centre (Fig. 12) . The temperature difference between the centre and the edge of the wafer is decreased by about 30 K for wafer temperatures below 1000 K and by 20 K for wafer temperatures above. The reduction of the wafer temperature differences with the filter is indeed verified.
Filter arranged in a ring on the underside of the quartz window (solution 2)
In the second configuration, the filter is applied as a ring close to the reactor wall on the underside of the window. The rest of the lower surface of the window, facing the wafer, has the radiative properties of quartz. The wafer temperature profiles are confronted in Fig. 13 for the window with and without the ring filter for three heating powers: a low one (10%), an average one (20%) and a high one (30%). The overall temperature of the wafer is also heightened with the ring filter which returns one part of the radiations emitted and reflected by the edge of the wafer towards the latter. The temperature difference between the centre and the edge of the wafer is reduced, namely for 20% lamp heating power, where the temperature dispersion is inferior to 1%. As expected, the temperature at the edge of the wafer is raised, so the reasoning is validated.
To appreciate better the effect of the ring filter, the temperature variations obtained according to the lamp heating powers are plotted in Fig. 14. The temperature difference between the centre and the edge of the wafer is reduced. The temperature distribution is the most homogeneous for medium powers (around 20%). For low heating powers (10% and 15%), the improvement is not as good because radiations emitted and reflected by the wafer with wavelengths beyond 2.6 mm are less important, which doesn't raise enough the temperature at the edge of the wafer after reflection on the ring filter. On the contrary, for high power (for example 30%), the temperature at the edge of the wafer is too high because the reflected radiations by the ring filter on the edge are too elevated. The compromise is found for medium powers.
Discussion
The temperature difference between the centre and the edge of the wafer according to the temperature at its centre is plotted in Fig. 15 . The ring filter enables a more homogeneous temperature for the wafer with medium and high powers contrary to the filter on the entire underside surface of the window. For low powers, the temperature is more homogeneous with the filter on the entire underside surface because there is a better balance for the incident fluxes on the wafer. The application of a filter on the lower surface of the window would prevent the augmentation of the temperature of the quartz window which could limit the deposition on the lower surface of the window during rapid thermal chemical vapour deposition processes (RTCVD). Such depositions on the quartz window modify the signal received by the pyranometer which results in erroneous heating control.
For high lamp powers, a raised temperature at the edge of the wafer is observed because the reflectivity of the ring filter for wavelengths above 2.6 mm is too strong. This reflectivity has to be adjusted according to the used process to acquire uniform wafer temperature. Optimization with the lamp heating power has to be preliminary performed. Compared to the solutions to improve the wafer temperature homogeneity quoted in the introductive part, the two proposed solutions are simple to implement. Besides, they do not involve a fluid flowing through a double window which absorbs one part of the infrared radiations emitted by the lamps to cool down the quartz window [13, 50, 51] or any arrangements in the chamber to select the radiations [52] . These solutions are only a simple modification of the surface property of the underside of the quartz window which can be realized by depositing thin-film layers on the underside surface of the quartz window with the help of a mask to adjust the shape of the layer. Thin-film layers deposited on glass or quartz substrates allow to perform specific functions according to the wavelength of the incident radiations [53] . The function that we wish to have on the lower surface of the window (Fig. 8) is the one of a low pass filter for transmissivity and a high pass one for the reflectivity with a cutoff at 2.6 mm wavelength. Transparent conductive oxides (TCO) deposited on glass or quartz would be suitable because they have properties similar to the ones of the wanted filter. They are thermally and chemically stable which would permit to avoid contamination in the reactor and they can be deposited on large areas [54, 55] . For example, oxide films doped with fluorine or tin deposited on quartz substrates would have the required radiative properties [56, 57] . 
Conclusion
The heating of a silicon wafer by tungsten filament halogen infrared lamps in a rapid thermal system is studied to explain the distribution of the wafer temperature. For this purpose, radiative transfers are simulated with the Monte Carlo method. The numerical simulations performed for the steady-state case without any optimization for different radiative properties of the substrate allowed to appreciate the close relationship between the temperature of the silicon wafer and the one of the quartz window. A radiative heat exchange by absorption-emission and reflection of radiations having wavelengths above 2.6 mm is highlighted and analyzed with the spectral properties of participating surfaces. The radiative fluxes conditioning the shape of the wafer temperature are identified and depicted in a four-phase scheme. From the latter, a modification of the surface property on the underside of the quartz window was recommended. The aim is to reflect the infrared radiations with wavelengths beyond 2.6 mm towards the wafer to cool down the quartz window or to confine in the area close to the reactor wall the radiations in order to raise the temperature at the edge of the wafer. Two configurations with the property were then studied by numerical simulations: one where the filter is arranged over the entire underside surface of the window and the other where it is arranged in a ring close to the reactor wall. Calculation results show that both configurations allow a better homogeneity of the wafer temperature. The ring filter is optimal for medium and high lamp heating powers whereas the filter placed over the entire underside face is more suitable for low ones. The ring filter enables to uniform the temperature of the silicon wafer with less than 1% dispersion. The use of a filter applied on the entire lower surface also permits to limit the overheating of the quartz window. For an experimental implementation, the filter could be realized by depositing a transparent conductive oxide coating (TCO: Transparent Conducting Oxide) on the underside of the quartz window. The next step is to carry out simulations for transient evolutions to adjust the reflectivity of the filter according to various rapid thermal processes. Further, the manufacturing of coated quartz windows and wafer temperature measurements will have to be realized to confirm the promising simulation results. 15 . Centre-to-edge temperature difference of the substrate according to its temperature at its centre for both the filter configurations and without filter.
